HLB resistant or tolerant cultivars is widely regarded to be the most practical strategy to support 1 0 5 long-term control of this severe disease in the field. The reports of variability for resistance or 1 0 6 tolerance to HLB within citrus and its relatives encourages breeding and selection for resistant or 1 0 7 1 4 0 intergeneric crosses between two sweet oranges (Citrus sinensis 'Sanford' and 'Succari') and two 1 4 1 trifoliate oranges (Poncirus trifoliata 'Argentina' and 'Flying Dragon'), of which 86 individuals 1 4 2 were randomly chosen as a phenotyping population. All progenies were clonally propagated by heterozygous only in one of parents. SNP markers heterozygous in both parents (with the 2 7 0 configuration code 'hk×hk') were not considered in this study to ensure high quality of 2 7 1 genotyping and linkage mapping for each parent. After stringent filtering, a total of 3861 SNP 2 7 2 markers with configuration code 'lm×ll' or 'nn×np' were retained for genetic map construction, were heterozygous only in sweet orange. After eliminating markers with identical or similar segregation patterns, as well as markers with 2 7 8 weak linkage, SNP markers with high quality in each dataset were grouped into nine linkage 2 7 9 groups under the threshold LOD score of 4.0, which is consistent with the number of 2 8 0 chromosomes in citrus. Additionally, all nine linkage groups conserved their integrity up to LOD 2 8 1 of 10 for both parents. Finally, for trifoliate orange, a total of 647 high-quality SNP markers were 2 8 2 mapped on nine linkage groups with unique loci, spanning a total genetic length of 1030.8 cM 2 8 3 with an average inter-locus distance of 1.59 cM (Table 1 and Fig. 1 ). The number of markers 2 8 4 within each linkage group ranged from 52 (for LG-t6) to 125 (for LG-t3), spanning a genetic 2 8 5 distance ranging from 78.7 cM (for LG-t6) to 155.2 cM (for LG-t3). In total, 85.5% of the inter-2 8 6 loci gaps on the genome-wide genetic map were smaller than 3 cM and no gap was larger than 10 2 8 7 cM. For sweet orange, 754 high-quality SNP markers with unique loci were mapped into nine 2 8 8 linkage groups, spanning a total genetic length of 760.2 cM with an average inter-loci distance of 2 8 9 1.01 cM (Table 1 and Fig. 2 ). The number of markers within each linkage group ranged from 57 2 9 0 (for LG-s1) to 118 (for LG-s3), spanning a genetic distance ranging from 60.5 cM (for LG-s9) to 2 9 1 105.3 cM (for LG-s3). Of the inter-locus gaps on the whole genetic map, 93.3% were smaller 2 9 2 than 3 cM and only one gap was larger than 10 cM (11.2 cM on LG-s1). Through alignment, all SNP markers on the two genetic maps were successfully mapped onto 2 9 5 nine major scaffolds of the Clementine mandarin genome. For trifoliate orange, except for 10 2 9 6 markers of LG-t7 which mapped on Scaffold_5, all other 637 markers were mapped onto 2 9 7 syntenic scaffolds (Table 1 and Fig. 3 ). The overall coverage ratio of mapped markers on the 2 9 8
Clementine genome was 98.6%, and the coverage ratio on each scaffold ranged from 95.5% (for 2 9 9
LG-t7) to 99.7% (for LG-t5). For sweet orange, except for a total of 30 markers on LG-s4, LG-s7 3 0 0 and LG-s8, all other 724 markers were mapped onto syntenic scaffolds (Table 1 and Fig. 4 ). The 3 0 1 overall coverage ratio of mapped markers on the Clementine genome was 95.0%, and the 3 0 2 coverage ratio on each scaffold ranged from 87.7% (for LG-s9) to 99.3% (for LG-s8). Only some 3 0 3 minor discrepancies were observed between the genetic maps and the Clementine genome, diagram not only showed variations of the ratios between genetic distance to physical distance, 3 0 8 but also clearly revealed high conservation of synteny between the genetic maps of trifoliate 3 0 9 orange and sweet orange. The phenotyping population contained a random collection of 86 F 1 progenies from the mapping 3 1 3 population, as well as six trifoliate oranges, two sweet oranges, and the rootstock seedings, with 3 1 4 eight clonal replicate trees for each of individuals. After exposure to intense HLB pressure for 3 1 5 two to five years in a replicated field trial, the phenotyping population was evaluated for CLas 3 1 6 infection in leaves by qPCR from October 2013 to October 2016, three times per year and ten 3 1 7 times in total. Table 2 summarizes Ct values associated with CLas titer in leaves at different time Due to random factors associated with inoculation by psyllid vector, replicate trees of the same 3 2 8 genotypes were not naturally inoculated at the same time. As a result, extremely high phenotypic 3 2 9
variations were observed within replicate trees of the same genotypes. Thus, the percentage of 3 3 0 healthy trees was employed as another phenotypic trait to reflect the efficiency and status of CLas progenies, the average mean percentage of healthy trees of all progenies fluctuated between 48% 3 3 7 and 10% with higher phenotypic variation found at earlier time points. Correlation coefficients of phenotypic data between time points and years were shown in 3 4 0 Supplementary Table 2 . Notably, very high correlation was found between the two traits at each Correlation among the three years was relatively high. The average correlation coefficients were 3 4 7 0.79 and 0.82 respectively for the two traits, indicating overall stability of long-term CLas QTLs associated with CLas infection were detected separately in two parental genetic maps for In this study, we constructed two separate parental genetic maps, which we believe to be the 3 9 0 highest density genetic maps to date for trifoliate orange and sweet orange. The former highest and 189 SSR markers at 972 loci spanning a total genetic length of 1026.6 cM with an average 3 9 5 density of 1.06 marker/cM (Lyon, 2008) , which was used as a reference map for the assembly of 3 9 6 a sweet orange genome (Wu et al., 2014; Xu et al., 2013) . The saturation of trifoliate orange 3 9 7 genetic map is greatly improved in our study, which could be utilized as a reference map for 3 9 8 assembling the trifoliate orange genome in the future. However, citrus genetic maps require 3 9 9 substantial additional effort to achieve the high-density and high-resolution found in model and within those regions (Curtolo et al., 2017; Guo et al., 2015; Imai et al., 2017; Lyon, 2008;  chromosomes have relatively large regions (5-10 Mb) with low recombination, so that many 4 1 7 markers in such regions will map as clusters unless the population size is very large. Biological and production of large full-sib populations, but also remarkably influence allelic segregation and 4 2 2 recombination ratio (Bernet et al., 2010; Ollitrault et al., 2012a) . In addition to parental genotype, 4 2 3 differential fitness of gametal genotypes, crossing direction, and regulatory gene interactions markers were identified in trifoliate orange. Such problem were also found in all previous 4 3 0 trifoliate orange genetic maps (Chen et al., 2008; Lyon, 2008; Ollitrault et al., 2012a) . The low 4 3 1 availability of segregating markers in trifoliate orange probably due to its low heterozygosis. To 2.3% of citrus genome, the marker density of our genetic maps could be further improved 4 3 5 through increasing the sequencing depth. Significant differences in linkage group sizes were observed between trifoliate orange and sweet than the corresponding one of sweet orange, even though there were fewer markers mapped on 4 4 0 the trifoliate orange genetic map. Similar differences in genetic distances were evident in the 4 4 1 previously reported EST-SSR genetic maps of the same parents based on codominant markers 4 4 2 segregating in both parents (Chen et al., 2008) . Variation in map length was also found between 4 4 3 genetic maps of mandarin, pummelo and sweet orange, which all were genotyped with the same 4 4 4 set of SNP markers (Ollitrault et al., 2012a) . It is impossible to directly compare the genetic distance between specific markers between our genetic maps, because they were separately 1 7 constructed with markers segregating only in one parent. However, SNP-based genetic linkage probably is not due to segregation distortion, but reflects differential recombination rates between divergence on recombination rate, and lower recombination rate is related to higher levels of 4 5 9 genome divergence (Chetelat et al., 2000; Li et al., 2006a; Opperman et al., 2004) . For different 4 6 0 citrus-related genera and species, degree of genome heterozygosity differ dramatically. Sweet 4 6 1 orange, known to be highly heterozygous, was demonstrated to be a complex interspecific hybrid 4 6 2 derived from pummelo and mandarin (Wu et al., 2014; Xu et al., 2013) . While trifoliate orange, a 4 6 3 genus related to Citrus genus, was found to be low in heterozygosity (Chen and Gmitter, 2013) . Therefore, in comparison to trifoliate orange, higher heterozygosity in the sweet orange genome 4 6 5 probably suppresses recombination frequency, resulting in a smaller genetic size. This is in 4 6 6 agreement with the difference in genetic distance of shared markers between genetic maps of 4 6 7
Clementine mandarin and pummelo (Ollitrault et al., 2012a) . Clementine mandarin is an notably larger than its female genetic map (Ollitrault et al., 2012a) . Our mapping population was were generated with trifoliate orange as male parent, which may also contribute to the larger size 4 7 6 of the trifoliate orange genetic map. This is the first report on identification of QTLs related to CLas infection and HLB tolerance. et al., 2015; Curtolo et al., 2017; Imai et al., 2017; Kepiro and Roose, 2010; Raga et al., and ABS for which strong resistance is available among citrus types, the HLB-suppression of 5 0 1 Poncirus may be best described as tolerance (Ramadugu et al., 2016) . The HLB pathogenetic It is noteworthy that these major QTLs were not detected at the same time for all ten time points 5 0 8 or the three years, but only a few QTLs were detected at no more than three time points, even 5 0 9 though we took the non-significant minor QTLs into consideration. Poor repeatability of QTL 5 1 0 detection is a major obstacle in associating QTLs with CLas infection in citrus. Generally, Ct This was also reported in another long-term field evaluation of CLas infection, which focused on 5 1 4 a collection of many citrus species and relatives (Ramadugu et al., 2016) . Because the spatial 5 1 5 distribution of CLas within a tree is dramatically uneven, especially at earlier stages of CLas where high titers do not develop. That is why, in spite of continuous natural inoculation with 5 2 8
CLas for five years, healthy trees could be still occasionally detected within some individuals that 5 2 9 had been initially determined to be positive for CLas infection. The phenotypic data quality could be improved by increasing numbers of replicate trees and 5 3 2 sampling more frequently or more intensely, however, space requirements and test costs would sampling repeats is likely more efficient to obtain accurate results in comparison to less replicate 5 3 5 trees with more sampling repeats. It is important to note that at least eight replicate trees were comparatively cost-effective strategy to ensure better results of QTL mapping. This strategy 5 3 9
focused on increasing reliability of mean value for each of the hybrid progenies and parents 5 4 0 rather providing accurate estimates of phenotypic traits for each of the trees. Through statistical 5 4 1 analysis, we found that the broad sense heritability (H 2 ) estimates for Ct value of CLas detection 5 4 2 range from 0.03 to 0.14 during the evaluation period with 0.09 in average (Supplementary Table   5 4 3 3). The heritability estimates are low, but may be accurate given the many environmental factors citrus flush (Hall et al., 2016; Lopes et al., 2017) . To reduce the influence of non-genetic factors, 5 4 7 a more reliable and precise method of CLas inoculation is needed. We recently used graft- In conclusion, basing on Genotyping-by-Sequencing of an intergeneric F1 population of 170 5 5 4 progenies, we constructed two high-density genome-wide genetic maps for trifoliate orange and reported citrus genome. The minor discrepancies among the genetic maps and genome assembly 5 5 8 may represent possible structural rearrangements among citrus species. In replicated field 5 5 9 evaluation over three years, trifoliate orange and sweet orange showed significant differences in 1 information in breeding for resistance or tolerance to HLB in citrus. In addition, the 5 7 0 corresponding genomic regions need to be refined if the objective is to discover and characterize 5 7 1 candidate genes related to the disease. The final identified QTLs and genes could be good targets 5 7 2 for citrus breeding to support long-term control of this devastating disease. Table S1 Percentage of healthy trees in control varieties and F 1 progenies.
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